Due to increased population pressure and limited availability of fertile land, farmers on desert fringes increasingly rely on marginal land for agricultural production, which they have learned to rehabilitate with different technologies for soils and water conservation. One such method is the indigenous zai technique used in the Sahel. It combines water harvesting and targeted application of organic amendments by the use of small pits dug into the hardened soil. To study the resource use efficiency of this technique, experiments were conducted 1999-2000, on-station at ICRISAT in Niger, and on-farm at two locations on degraded lands. On-station, the effect of application rate of millet straw and cattle manure on millet dry matter production was studied. On-farm, the effects of organic amendment type (millet straw and cattle manure, at the rate of 300 g per plant) and water harvesting (with and without water harvesting) on millet grain yield, dry matter production, and water use were studied. First, the comparison of zai vs. flat planting, both unamended, resulted in a 3-to 4-fold (in one case, even 19-fold) increase in grain yield on-farm in both years, which points to the yield effects of improved water harvesting in the zai alone. Zai improved the water use efficiency by a factor of about 2. The yields increased further with the application of organic amendments. Manure resulted in 2-68 times better grain yields than no amendment and 2-7 times better grain yields than millet straw (higher on the more degraded soils). Millet dry matter produced per unit of manure N or K was higher than that of millet straw, a tendency that was similar for all rates of application. Zai improved nutrient uptake in the range of 43-64% for N, 50-87% for P and 58-66% for K. Zai increased grain yield produced per unit N (8 vs. 5 kg kg À1 ) and K (10 vs. 6 kg kg À1 ) compared to flat; so is the effect of cattle manure compared to millet straw (9 vs. 4 kg kg À1 , and 14 vs. 3 kg kg À1 ), respectively, Therefore zai shows a good potential for increasing agronomic efficiency and nutrient use efficiency. Increasing the rate of cattle manure application from 1 to 3 t ha À1 increased the yield by 115% TDM, but increasing the manure application rate further from 3 to 5 t ha À1 only gave an additional 12% yield increase, which shows that optimum application rates are around 3t ha À1 .
Introduction
Sustainable land use implies harmony between man's use of land and the land's ability to maintain its quality. Once this balance is upset, land degradation occurs (Katyal and Vlek 2000) . Agricultural land degradation is one of the major problems facing agricultural production nowadays. According to the Global Land Assessment of Degradation (GLASOD) (Oldeman et al. 1990 ) 38% of the world's total cropland has been degraded since the 1950s and in Africa, 65% of the cropland is degraded to some extent. As Sundquist (2004) reported that desertification along the Sahara desert proceeds at an estimated 1000 km 2 every year, these areas are likely to have increased significantly since the GLASOD assessment. In the Sahelian zone, soil fertility restoration through the vegetative fallow system is becoming increasingly ineffective due to population pressure, which leads to shorter fallow periods or simply to land abandonment (Amissah-Arthur et al. 2000) . Limited availability of fertile land forces farmers to rely on marginal or even degraded lands for agricultural production.
Zai is one of several techniques available for rehabilitation of degraded lands. To prepare the zai, farmers dig small pits in the soil to collect water, wind-driven soil particles, and plant debris around the plant. About two handfuls (the equivalent to 300 g) of organic amendments such as millet straw, cattle manure or their composted form are typically added to the pits (Roose et al. 1992 (Roose et al. , 1993 Kabore´1995; Oue´draogo and Kabore´1996) . The technique thus combines water harvesting with nutrient management practices. As locally available material is used, small-scale farmers who are the major food producers in the Sahel (Roose et al. 1992 ) are easily able to implement it. The main investment required by the technology is manpower for digging the zai holes, but the work is done during the dry period of the year when the farmers can invest some spare time. Previous studies have shown that zai promotes crop production on highly degraded soils and helps alleviate the adverse effect of dry spells, which are frequent during the cropping period in the Sahel (Roose et al. 1993; Hassan, 1996) . However, no attempts have been made to study the resource use efficiency of the technology. To address this gap, we hypothesized that both the water collected in the pit and the nutrient released from the amendment (which is concentrated at the rooting zone of the crop) induce better plant development and yield, resulting in higher nutrient and water use efficiencies. To address this hypothesis in the present study, experiments were carried out in the Sahelian zone of Niger, on-station under controlled water supply in 1999, and on-farm at two locations during the rainy seasons 1999 and 2000. The objective of the on-station experiment was to determine the optimum application rate of organic amendments for pearl millet (Pennisetum glaucum) production as a function of the type of amendment. The objective of the on-farm experiment was to study resource use efficiency of millet under rainfed conditions in the zai system as compared to planting on flat soil.
Material and methods

Site description
The on-station experiment was conducted under controlled water supply at the ICRISAT research station at Sadore´(13°15¢ N, 2°17¢ E) in Niger from March to May 1999. Longterm average annual rainfall at this site is 550 mm, which falls between June and September. Monthly temperature varies between 25 and 41°C. The soils are classified as psammentic paleustalf (West et al. 1984) , acidic with relatively high Al saturation and very high sand content (Table 1) . The experiment was conducted on a field that had been subject to severe wind and water erosion for a period of 4 years, and that had developed extensive erosion crusts (Casenave and Valentin 1989) , locally known as ''Gangani'', characteristic of severely degraded land.
The two on-farm yield trials were conducted during the rainy seasons 1999 and 2000 at Damari (13°12¢ N and 2°14¢ E) and Kakassi (13°50¢ N and 1°29¢ E). Long-term average annual rainfall and monthly temperature amplitude at Damari are similar to conditions at the ICRISAT research station. The soil at Damari is classified as kanhaplic Haplustult (Soil Survey Staff 1998) . It is acidic, with 84% sand content and relatively low effective cation exchange capacity (ECEC). The vegetation was an open bush with scattered trees.
The selected field had been left fallow for 3 years prior to the experiment. In addition to small patches of loose sand deposits, which were cropped by the farmer, the field contained large patches of bare crusted soil, which were selected for installing the experimental plots.
Long-term average annual rainfall at Kakassi is 450 mm. Annual temperature variation is in the range of 25-35°C. The soil is classified as vertic Haplustept (Soil Survey Staff 1998), with almost neutral pH, no exchangeable aluminum and relatively high clay content (Table 1) . The vegetation was an open bush with scattered trees. The experimental field was located on bare soil in a fallow, with scattered patches of cropped areas less affected by erosion. The field had been an uncultivated fallow for more than 10 years prior to the installation of the experiment.
Experimental layout
(1) On-station (at Sadore´), the effects of amendment type (millet straw and cattle manure) and rate of application (1, 3, and 5 t ha À1 ) on dry matter production of millet (Pennisetum glaucum L. R. Br) were evaluated in zai pits under controlled irrigation. The field was sprinkler-irrigated uniformly throughout the growing period at a weekly rate of 20 mm. The experimental design was a randomised complete block design (RCBD) + control non-amended pit and a control non-amended flat, replicated four times. A local millet variety 'Sadore´local' (120 days growing cycle) was sown on 17 March 1999 and harvested on 25 May before grain production to avoid interference of rain with the treatments, but also due to the photosensitivity of the crop. Therefore only dry matter production was evaluated.
(2) On-farm, the effect of planting technique (planting on flat vs. planting in zai pits) and amendment type (millet straw and cattle manure) on millet growth and development was studied. At both sites, the experimental design was a RCBD + control (no organic amendment) with four replications, The millet variety 'Sadoreĺ ocal' was sown at Damari on 29 June in 1999 and 26 June in 2000 and harvested at maturity (Table 2) . At Kakassi a local millet variety 'Darinkoba' (120 days to maturity) was sown on 1 July in both years and harvested at maturity (Table 2) . In all experiments, planting density was 10,000 pockets per ha. They were thinned to three plants per pocket approximately 3 weeks after planting.
Plant establishment was delayed at Damari in 1999 due to heavy rains (sand covered the young seedlings in the zai), and at Kakassi in 2000 due to dry spells at the beginning of the rainy season. On-farm, in both years, the rain started at the end of June at Damari (Figure 1a and c) with adequate rain for planting. Cumulative rainfall in both years (499 mm in 1999 and 425 mm in 2000) was below the long-term average (550 mm). At Kakassi it was 397 mm in 1999 and 490 mm in 2000 (Figures 1b and d) , compared to the longterm average of 450 mm, with useful rainfall for planting received at the end of June. In both years and particularly in 2000, frequent dry spells (more than 1 week without rain) occurred.
Data collection
At harvest, total dry weight (on-farm and on-station experiments) as well as seed dry weight and harvest index (on-farm only) were recorded. Harvest index is the ratio of grain yield to aboveground dry matter. Grain samples were analysed for N, P and K in both years' on-farm trials. To study crop nutrient uptake during the cropping period in the dry season trial, whole-plant samples were collected from two pockets in three replications every 3 weeks, starting three weeks after planting. Samples were cleaned, dried at 65°C for 48 h; weighed and ground to pass a sieve of 1 mm mesh size. Subsamples of 5 g were analysed for total N, P and K, following a digestion according to the Kjeldahl method (Houba et al. 1995) . Total N was determined with an auto-analyzer using the colorimetric method based on the Bertholet reaction. Total P was determined with the colorimetric method based on the phosphomolybdate complex, reduced with ascorbic acid and total K with flame emission spectrophotometry. To study water use, soil moisture profiles were measured weekly at 15 cm intervals down to 240 cm depth using a Didcot neutron probe (Didcot Instrument Company Limited). Two 48 mm inner diameter aluminum access tubes were installed in each plot, one tube between the hills, the other in the pocket close to the plant. At Damari, the depth of the shallowest tube was restricted to 45 cm due to the presence of a lateritic layer, while the deepest reached 300 cm. At Kakassi the depths were, respectively, 100 and 165 cm. The probe had been calibrated in-situ for the soils of the experimental sites applying the gravimetric method. Data of the tubes installed between the millet pockets are reported in this paper.
From the neutron probe data, the volumetric soil water content and the stock of water in the soil profile were calculated. Water use efficiency was calculated as:
where WUE, water use efficiency (kg mm À1 ha À1 ); Y, yield (kg ha À1 ) (Total dry matter or grain); DS, change in soil water content between two dates of observation (mm); R, total rainfall between two dates of observation (mm).
From the data recorded at maturity the following parameters were calculated: N, P and K uptake:
where C, nutrient content in millet straw or grain (%) and D, dry matter or grain yield at sampling (kg ha À1 where Yield, millet straw or grain yield in (kg ha À1 ); Total nutrient absorbed, total nutrient uptake in millet straw or grain (kg ha À1 ). The statistical analysis was done with the ANOVA procedure of the statistical software GENSTAT Ò 6.1 (Lawes Agricultural Trust 2000). Due to the large differences between the amended plot and the controls, at a first step a restriction was put on the control plots data to analyse the amended plots. At a second step, the amended plots were restricted to analyse the control plots. The interpretation of results was done accordingly. The data of the on-farm trials were analysed for each site and year individually, and subsequently pooled and analysed as a split plot to compare the effect of the treatments in the two environments for the 2 years.
Results
Dry matter production at SadoreÓ n-station, millet total dry matter (TDM) in the non-amended zai pit and the non-amended flat planting was very low (52 and 20 kg ha À1 , respectively (sed = ±32); Figure 2 ). Organic amendment application increased TDM production. Cattle manure was more effective than millet straw (3957 vs. 756 kg ha À1 À sed = ±239 (Figure 2 ) when applied at 3 t ha À1 ). Furthermore, millet straw gave highest TDM at 3 t ha À1 , while animal manure gave 12% more dry matter at 5 t ha À1 .
Grain yield and total dry matter production on-farm Effect of planting technique. Millet total dry matter (TDM) and grain production on flat planted control plots were very low to moderate at both sites in both years (grain yields 0.9-118 kg ha À1 ; Table 3 ). With the zai technique grain yields were 3-4 times higher (and 19 times in one situation), illustrating the contribution of the water harvesting effects of the zai technique.
The overall tendency observed across years and sites in the amended plots was that grain yield and total dry matter in the zai were higher than on flat, with the differences in grain yield statistically significant at Kakassi in 1999 and at Damari in 2000 (Table 4) , which may be due to the drier conditions in these years that enlarged the positive effect of the zai at the two sites.
Effect of amendment. In both years at both sites, cattle manure significantly increased the positive effect of the zai technique expressed in terms of straw yield, grain yield and total dry matter, but millet straw did not (Figures 3 and 4 ; Table 5 ). Millet straw application was more effective at Kakassi than at Damari (Table 5) . The difference between both types of amendment was larger at Damari than at Kakassi (Table 5 ) with a 2-to 5-fold grain yield increase at Kakassi and Damari, respectively, when manure application is compared to millet straw, indicating a better response to manure application on the more degraded soils (Damari). Cattle manure was more effective in 1999 than in 2000 in terms of dry matter production (Table 6) .
Zai increased the harvest index mainly in 2000 (Table 7 ), a year characterized by intermittent dry spells that may have induced poor grain filling in contrast with 1999, a year with relatively better rainfall distribution. The zai was able to alleviate the effect of the frequent dry spells in the rainy season 2000. In addition, the better results of millet straw application at Kakassi compared to Damari may be attributed to the moderate soil fertility level of the soil at Kakassi (Table 1) , that may have compensated for the nutrient deficiency in the millet straw applied (Table 8) Nutrient uptake, nutrient utilization efficiency, and agronomic efficiency On-station. All parameters were calculated on dry matter basis as the plants were harvested before grain setting. Nutrient uptake increased throughout the cropping period and was higher in manure-amended plots than in plots with millet Sed, standard error of difference between means. a Total biomass exceeds the sum of straw yield and grain yield, because it corresponds to the total of straw yield and head yield (the yield of the reproductive part before threshing).
straw ( Figure 5) ; it was higher at higher rates of amendment application. The agronomic efficiency of manure was higher than that of millet straw (left side of Table 9 ) but the nutrient utilization efficiency of millet straw was higher than that of manure, particularly so for P and K (right side of Table 9 ). For both amendments, the higher the rate of application, the lower the agronomic efficiency (Table 10 ). These findings indicate that manure application increased nutrient uptake compared to millet straw, which was not efficiently used in the present study.
On-farm. At both sites in both years, a strong effect of amendment type on nutrient uptake was observed across years and sites ( Figure 6 ). Nutrient uptake in the zai was higher than in flat planting although it was statistically significant only at Kakassi in 1999 and at Damari in 2000 (Figure 7b and c). Total rainfall was far below the long-term average at Kakassi in 1999 and at Damari in 2000 (Figure 1 ), which led to a strong effect of the zai on nutrient uptake, which was also evident in the control plots at Kakassi (Figure 8) . Therefore, the more favorable moisture conditions in the zai stimulated nutrient uptake and led to higher yields. No effect of planting technique and amendment type was observed on nutrient utilization efficiency except for Damari in 2000, where N utilization was more efficient under zai than under flat planting (55 vs. 51 kg kg À1 ). Straw P and K were also more efficiently utilized than , sed = ±34.2 and 178 vs. 165 kg kg À1 , sed = ±2.9, respectively).
Zai increased grain yield produced per unit N (8 vs. 5 kg/kg, sed = ±0.8) and K (10 vs. 6 kg kg À1 , sed = ±1.1) compared to flat; so is the effect of cattle manure compared to millet straw (9.4 vs. 3.7 kg/kg, sed = ±0.8 and 13.8 vs. 2.8 kg kg À1 , sed = ±1.1), particularly at Damari in 2000.
The pooled data show that in general nutrient concentration and uptake in the grain were higher in 1999 than in 2000, but the nutrients were more efficiently used in 2000 (Table 11) indicating that favorable rainfall distribution in 1999 favored nutrient uptake. Nitrogen, P and K concentration and uptake were higher at Kakassi than at Damari  Table 12 ), resulting in higher grain yield except for Damari in 1999. But grain yield per unit of nutrient absorbed was higher at Damari than at Kakassi, which could be due to the better rainfall conditions at Damari which improved nutrient utilization efficiency.
Rainfall use efficiency
Rainfall was more efficiently used in the zai than in flat planting, even though some site and yearspecific trends were observed. At Damari in 1999 and at Kakassi in 2000 with relatively high total rainfall, the effect of planting technique on water use efficiency was not statistically significant (Table 13 ), whereas at Kakassi in 1999 and at Damari in 2000, seasons with lower total rainfall, water use efficiency in zai was higher than in flat planting (1.9 vs. 1.1 kg/mm at Kakassi and 1.4 vs. 0.8 kg/mm at Damari). Therefore, the effectiveness of the technology is more evident under drier conditions. Water use efficiency was higher with manure application than with millet straw for both sites and years (Table 14) .
Discussion
Grain yield and total dry matter production
Farmers of the Sahel hardly use any inorganic fertilizer. According to Bationo et al. (2003) , farmers in the region apply less than 5 kg ha À1 of plant nutrients, and subsidies on mineral fertilizers have been removed which has increased unsustainable nutrient mining. Therefore, the introduction of organic amendments is important to meet the crops' nutritional requirements and sustain soil fertility. These amendments are even more important for resource-poor farmers who use them in combination with the zai technique. The organic amendments induced better plant growth and development, which resulted in relatively high TDM production. Grain and total dry matter yields with millet straw amended plots were lower than with cattle manure which is consistent with lower nutrient contents in the millet straw amendment, especially in terms of N and P. Bationo and Mukwenye (1991) , Michels et al. (1995) , Pichot et al. (1981) and Pieri (1986) have reported the beneficial effect of crop residues and cattle manure application on millet yield. The present results with cattle manure support this view, but the 815 kg ha À1 total dry matter obtained with 3 t ha À1 crop residue application was far below the 3673 kg ha À1 reported by Buerkert et al. (2000) for Sadore´in Niger with 500 kg ha À1 surfaceapplied crop residues. However, in the latter study the mulch may have reduced wind erosion, sand blasting and burial of seedlings (Michels et al. 1995) . Furthermore, millet straw in the zai pit may locally have increased N immobilization due to the high C/N ratio.
Increasing the rate of manure application from 3 to 5 t ha À1 did not produce a proportional yield increase, which suggests that the lower rate is preferable from the farmer's viewpoint; however, further investigations are needed as this also depends on the rainfall. Grain yield was substantially higher in the non-amended zai at Kakassi than in the control (flat planting). Except for extractable P, soil fertility at Kakassi was much higher than at Damari; thus, the increased water availability in the zai pits at this site alleviated the primary constraint for crop production, water. However, in both years, the zai pits accumulated wind-blown sand and plant debris before planting, which may have constituted an additional nutrient source for the millet.
The combination of cattle manure application with zai always resulted in grain yield increases. This illustrates the combined effect of the readily available nutrients from the cattle manure and the water harvested in the zai pits.
Nutrient uptake, utilization and agronomic efficiency
Higher nutrient availability stimulated crop growth; but crop yield per unit of nutrient absorbed was lower under good nutritional conditions indicating that zai may be relatively less efficient on good soils. Also, nutrient utilization efficiency decreased with increased amendment rate of application. Therefore, to make better use of the limited quantity of available organic matter, it is necessary to identify suitable application rates for the zai system. According to Williams et al. (1995) , farmers in Niger can apply manure only to 10-40% of their cultivated fields each year, if they rely on their household livestock. Using good quality compost may help to overcome part of this constraint.
Penning de Vries and Djiteye (1982) and Breman and De Wit (1983) suggested that nutrient availability, but not water availability was the most important limiting factor for agricultural production in the Sahel. However, Bationo et al. (1990) reported a poor response of millet to N application in dry years, and Payne et al. (1995) argued that plant nutrients in agriculture in the Sahel should be considered in relation to the water component. Many studies have shown the strong interaction between the availability of water and plant nutrients, and changing one of these factors can greatly affect the response to the other. Increased water supply not only directly enhances fertilizer response but also may affect indigenous nutrient availability and efficiency of utilization, Campbell et al. (1977) , Campbell and Paul (1978) , Wright and Black (1978) and Payne et al. (1995) have reported that plants grown with adequate nutrient supply extend roots deeper than when grown in deficient conditions. Increased root proliferation increases the volume of soil colonized, thereby increasing the potential for water use and thus reducing the probability of plant growth being restricted by intermittent periods of drought (Brown, 1971) . In the zai technique, water and nutrients are placed in the vicinity of plant roots. Therefore it favours crop growth and alleviates the adverse effects of the irregularly occurring dry spells. In addition, when cattle manure or other good quality amendments are used in the zai, they induce efficient water use compared to the traditional flat planting.
Conclusions
Zai is a strong tool to mitigate a major constraint to agricultural production in the Sahel, the limited total rainfall and its uneven distribution in time and space, because zai alleviates the effect of dry spells during plant growth, and improves rain use efficiency by a factor of two compared to traditional flat planting. This study confirms the results of former studies that substantial increases in TDM and grain yields are possible when using the zai technique. The effects are not only due to the water harvesting, but also due to the amendments, and they can be increased when using high-quality amendments. More than 1 t ha À1 millet grain yield was obtained from zai amended with cattle manure at a rate of 3 t ha
À1 . An additional 500 kg ha À1 of grain were obtained by planting in zai compared to flat planting, an important gain to the farmers.
Zai and cattle manure application improved millet nutrient uptake, crop growth, and ultimately, yields. Economic yield per unit of nutrient applied under zai was higher than without zai.
Nevertheless, availability of good-quality organic amendments is a pre-requisite for the success of the technology on highly degraded soils such as at Damari. In this regard, the scarcity of animal dung presents a constraint to the use of the zai technology. However, farmers are generally able to prepare good quality compost using all kinds of domestic wastes, weeds, and leguminous residues before and during the onset of the rainy season (own observation), although there may be limits to this (cf. de Ridder et al. 2004) . Also, total dry matter gain increased by 115% when increasing the manure application rate from 1 to 3 t ha À1 , but only by 12% from a further increase to 5 t ha
À1
. This (and also the significant reduction in nutrient agronomic efficiency) shows that an optimal application rate should be around 3 t ha
. Here, nevertheless, further work is needed to optimize the use of the limited available organic amendments.
